Propanil is a postemergence herbicide used primarily in rice and wheat production in the United States. The reported toxicities for propanil exposure include methemoglobinemia, immunotoxicity, and nephrotoxicity. A major metabolite of propanil, 3,4-dichloroaniline (3,4-DCA), has been shown to be a nephrotoxicant in vivo and in vitro, but the nephrotoxic potential of propanil has not been examined in detail. The purpose of this study was to determine the nephrotoxic potential of propanil using an in vitro kidney model, determine whether in vitro propanil nephrotoxicity is due to metabolites arising from propanil hydrolysis, and examine mechanistic aspects of propanil nephrotoxicity in vitro. Propanil, 3,4-DCA, propionic acid (0.1-5.0 mM), or vehicle was incubated for 15-120 min with isolated renal cortical cells (IRCC; ~4 million cells/mL) obtained from untreated male Fischer 344 rats. Cytotoxicity was determined by measuring lactate dehydrogenase release from IRCC. In 120-min incubations, propanil induced cytotoxicity at concentrations >0.5 mM. At 1.0 mM, propanil induced cytotoxicity following 60-or 120-min exposure. Cytotoxicity was observed with 3,4-DCA (2.0 mM) at 60 and 120 min, while propionic acid (5.0 mM) induced cytotoxicity at 60 min. In IRCC pretreated with an antioxidant, cytochrome P450(CYP) inhibitor, flavin adenine dinucleotide monooxygenase activity modulator, or cyclooxygenase inhibitor before propanil exposure (1.0 mM; 120 min), only piperonyl butoxide (0.1 mM), a CYP inhibitor, pretreatment decreased propanil cytotoxicity. These results demonstrate that propanil is an in vitro nephrotoxicant in IRCC. Propanil nephrotoxicity is not primarily due to metabolites resulting from hydrolysis of propanil, but a metabolite resulting from propanil oxidation may contribute to propanil cytotoxicity.
INTRODUCTION
Herbicides represent an important group of agricultural pesticides. One herbicide, propanil (3′,4′-dichloropropionanilide, Fig. 1 ), is widely used in the United States and other countries as a postemergence contact herbicide, mainly in rice fields, to control weeds (Bartha and Pramer, 1970; Kimbrough, 1980) . In plants, propanil inhibits photosynthesis to control broad-leaved and grass weeds.
Propanil exposure has been associated with toxicity in humans and other mammals. The primary toxicity reported for human poisoning from propanil is methemoglobinemia, which has resulted in fatalities (Kimbrough, 1980; De Silva and Bodinayake, 1997) . Methemoglobinemia and hemolytic anemia have also been reported from animal studies with propanil exposure (Ambrose et al., 1972; Singleton and Murphy, 1973; Chow and Murphy, 1975; McMillan et al., 1990b McMillan et al., , 1991 . Propanil is an immunotoxicant in several models, reducing the production of cytokines as well as the number of CD4+CD8+ thymocytes (Barnett et al., 1992; Blyler et al., 1994; Frost et al., 2001; Malerba et al., 2002) . Chloracne observed in industrial workers during propanil manufacture was originally ascribed to propanil, but subsequent studies have demonstrated that this toxicity was due to chemical contaminants (Morse and Baker, 1979; Kimbrough, 1980) . Nephrotoxicity and hepatotoxicity have also been reported in cases of human propanil poisoning (Wijekoon et al., 1974; De Silva and Bodinayake, 1997) and animal studies (Stevens and Sumner, 1991; Santillo et al., 1995) . Thus, the kidney is one of the targets for propanil-induced toxicity.
Propanil biotransformation includes hydrolysis and oxidation pathways ( Fig. 1 ; McMillan et al., 1990a McMillan et al., , 1991 . Hydrolysis of propanil yields 3,4-dichloroaniline (3,4-DCA) and propionic acid. Oxidation of propanil most often occurs on the ethyl group of the amide function and at the 6-position on the phenyl ring (McMillan et al., 1990a) . The 3,4-DCA produced by propanil hydrolysis can also undergo oxidation at 6-position of the phenyl ring as well as N-oxidation to 3,4-dichlorophenylhydroxylamine (3,4-DCPHA). Although not reported in propanil biotransformation studies, N-hydroxypropanil is a putative metabolite of propanil, since aromatic amides can undergo N-oxidation leading to reactive metabolites (Mulder and Meerman, 1983; Malejka-Giganti and Ritter, 1994) .
At least a portion of the toxicity associated with propanil is induced by propanil metabolites. For example, the hematotoxic effects of propanil are due to the hydrolysis of propanil to yield 3,4-DCA ( Fig. 1 ; Chow and Murphy, 1975; McMillan et al., 1990a McMillan et al., , 1991 Guilhermino et al., 1998) . Subsequent N-oxidation of 3,4-DCA produces 3,4-DCPHA that is responsible for the production of the methemoglobinemia and hemolytic anemia. The propanil metabolite 3,4-DCA can also induce nephrotoxicity in vivo (Lo et al., 1990) and in vitro in rat renal cortical slices (Lo et al., 1990; Valentovic et al., 1995) . In addition, 3,4-DCPHA and 2-amino-4,5-dichlorophenol are cytotoxic to renal cortical slices from Fischer 344 rats at concentrations of 0.05 and 0.1mMor higher, respectively (Valentovic et al., 2001 (Valentovic et al., , 2002 . In some cases, both propanil and its metabolites are directly toxic to target systems. For example, both propanil and 3,4-DCA are toxic to the immune system (Barnett et al., 1992) . Studies have indicated that the kidney is a target following propanil exposure (Wijekoon et al., 1974; De Silva and Bodinayake, 1997) , but it is unclear whether nephrotoxicity is induced by propanil, its metabolites, or both.
The purpose of this study was to determine the in vitro nephrotoxic potential of propanil using isolated rat renal cortical cells (IRCC). The nephrotoxic potential of the two commercially available propanil hydrolysis metabolites, 3,4-DCA and propionic acid, were also examined. These two metabolites were chosen for investigation because kidney contains the acylamidase enzyme that hydrolyzes propanil (Chow and Murphy, 1975) and will allow for a comparison of the relative nephrotoxic potentials of the parent compound and its two hydrolysis products. The IRCC model was selected for study, because renal cortical cells are the primary target kidney cells for 3,4-DCA in vivo (Lo et al., 1990) . By comparing the nephrotoxic potential of propanil, 3,4-DCA and propionic acid in IRCC, the importance of propanil hydrolysis to propanil nephrotoxicity in vitro can be determined. In addition, the effects of several antioxidants, cytochrome P450 (CYP) inhibitors, flavin adenine dinucleotide monooxygenase (FMO) activity modulators, and a cyclooxygenase inhibitor were also examined to gain insights into mechanistic aspects and the role that oxidative metabolites might play in propanil nephrotoxicity.
MATERIALS AND METHODS

Chemicals and Reagents
Propanil (3,4-dichloroproprionanilide), 99% pure, was purchased from ChemService (West Chester, PA). Propionic acid (reagent grade), 3,4-dichloroaniline (3,4-DCA; 98% pure), Noctylamine, and metyrapone were purchased from Aldrich Chemical Co. (Milwaukee, WI). Dimethyl sulfoxide (DMSO; certified grade) was obtained from Fisher Scientific (Fair Lawn, NJ). All other compounds were obtained from Sigma Co. (St. Louis, MO).
Cell Isolation
Male Fischer 344 rats (175-200 g) were obtained from Hilltop Lab Animals (Scottdale, PA) and were placed in standard plastic animal cages prior to use. Animals were allowed at least 1 week to acclimatize to the animal facilities prior to use in experiments. The animal facilities had a controlled temperature (21-23°), humidity (40-55%), and light period (on 0600 h, off 1800 h). All animals were provided humane care in accordance with institutional guidelines and approval.
Following the acclimatization period, rats were anesthetized (pentobarbital sodium, 75 mg/kg, i.p.) and IRCCs were obtained using the collagenase perfusion method of Jones et al. (1979) . Initial cell viability was typically 85-95% as judged by the exclusion of trypan blue (2% w/v), and initial lactate dehydrogenase (LDH) release was ~5-10%. The yield of cortical cells for these experiments was typically between 35 and 45 million cells/two kidneys. Cells were resuspended at a concentration of ~4 million cells/mL in KrebsHenseleit buffer pH 7.37 containing 25 mM Hepes and 2% (w/v) bovine serum albumin. The composition of the IRCC has previously been determined to be ~85% proximal tubular cells, with 15% being distal tubular and collecting duct cells (Jones et al., 1979; Lash and Tokarz, 1989) .
Toxicity Studies
Toxicity experiments were conducted by placing 3 mL of the IRCC resuspension in a 25-mL Erlenmeyer flask. The flask was placed in a shaking incubator (37°C water temperature) and sealed with a serum bottle stopper containing an inlet and outlet for gas flow. The atmosphere was equilibrated with 95% O 2 /5% CO 2 with shaking for 5 min. Propanil (0.1, 0.5, 1.0, or 2.0 mM), 3,4-DCA (1.0 or 2.0 mM), propionic acid (1.0 or 5.0 mM), or vehicle (30 μL) was then added. The incubations were then continued between 15 and 120 min. DMSO was the vehicle for propanil and 3,4-DCA, and distilled water was the vehicle for propionic acid. At the end of the incubation period, flasks were removed, and a 0.5-mL aliquot was taken from each flask for determination of LDH release as a measure of cytotoxicity. The aliquots are centrifuged (3000 × g, 5 min), and the supernatant decanted. Cells are resuspended in 1 mL of Triton X-100 (10% solution) to release the remaining cellular LDH activity. LDH activity was then determined in each fraction using Sigma Kit No. LDL-20 or purchased reagents (Sigma) and the same assay procedure. LDH activity quantification is based on a kinetic assay measuring the amount of NADH produced from NAD (as an increased absorbance at 340 nm) when LDH catalyzes the conversion of lactate to pyruvate at 30°C over 60 s. LDH release was expressed as % of total.
In some experiments, cells were pretreated with an antioxidant/ free radical inhibitor, CYP inhibitor, FMO activity modulator, or a cyclooxygenase inhibitor before the addition of propanil (1.0 mM) or propanil vehicle. The pretreatments and pretreatment times are shown in Table I . Following the addition of propanil or propanil vehicle, incubations were continued for 120 min and cytotoxicity determined as described earlier. Pretreatment concentrations were based on previously published studies with these compounds (Lock et al., 1993; Rodriguez and Acosta, 1997; Baliga et al., 1998; Valentovic et al., 1999; Kajita et al., 2002 , Duringer et al., 2004 O'Brien and Siraki, 2005) .
Statistics
Values are expressed as the mean ± SE for four experiments per group. Values from each rat represented an N = 1. Data were analyzed using a one-way analysis of variance followed by a Dunnett's or Newman-Keuls analysis. All statistical tests were run at a 95% confidence interval and significance noted at P<0.05.
RESULTS
To determine whether propanil was toxic to IRCC, initial studies examined the concentration-cytotoxicity relationship of propanil at 120 min. Propanil concentrations of 0.1 or 0.5 mM did not induce cytotoxicity (↑ LDH release) at 120 min (Fig. 2) . However, at propanil bath concentrations of 1.0 mM or greater with 120 min incubations, LDH release was significantly increased (Fig. 2) . To determine the temporal aspects of propanil toxicity, a concentration of 1.0 mM propanil was selected for study. Incubations were conducted between 15 and 120 min and LDH release measured (Fig. 3) . No cytotoxicity was observed at 15 or 30 min, but cytotoxicity was evident at 60 and 120 min with propanil 1.0 mM. Thus, propanil cytotoxicity was both concentration-and time-dependent.
To determine whether the nephrotoxic effects observed with propanil were due to propanil hydrolysis to metabolites, the cytotoxicity of the two commercially available metabolites arising from propanil hydrolysis (3,4-DCA and propionic acid) was also examined for nephrotoxic potential in IRCC. At a bath concentration of 1.0 mM, 3,4-DCA did not induce cytotoxicity at 60 or 120 min (Fig. 4) . However, 2.0 mM 3,4-DCA induced cytotoxicity at both 60 and 120 min (Fig. 4) . These results were similar to those observed with 1.0 mM propanil (Fig. 3) . In contrast, 1.0 mM propionic acid did not induce cytotoxicity at 60 min, and 5.0 mM propionic acid only induced a small increase in LDH release (Fig. 5) . Thus, at even a fivefold increase in concentration over the minimal nephrotoxic propanil concentration, propionic acid only weakly induced cytotoxicity. These results suggest that propanil-induced nephrotoxicity was not due to the hydrolysis biotransformation pathway.
To determine whether oxidative metabolites of propanil might contribute to propanil cytotoxicity, three CYP inhibitors were examined: metyrapone, piperonyl butoxide, and isoniazid (Fig. 6) . Isoniazid pretreatment had no effect on propanil cytotoxicity, while metyrapone pretreatment slightly, but significantly, increased propanil toxicity. Only piperonyl butoxide pretreatment decreased propanil cytotoxicity. The FMO inhibitor methimazole also had no effect on propanil cytotoxicity (Table II) . A similar finding occurred with N-octylamine, a FMO enhancer, and indomethacin, a cyclooxygenase inhibitor (Table II) , where propanil cytotoxicity was not altered by these pretreatments. These results suggest that a CYP inhibited by piperonyl butoxide may mediate propanil cytotoxicity, but that FMO or cyclooxygenase oxidation do not contribute to the formation of toxic propanil metabolites.
The effect of several antioxidants on propanil cytotoxicity was also examined (Table III) . However, ascorbate, α-tocopherol, or glutathione pretreatments did not alter propanil cytotoxicity. In addition, pretreatment with the iron chelator deferoxamine did not alter propanil nephrotoxicity (Table III) . These findings suggest that free radical formation and oxidative stress do not contribute to propanil's effects on IRCC.
DISCUSSION
The results of this study demonstrate that propanil has the potential to induce nephrotoxicity in vitro. Acute exposure to a bath concentration of at least 1.0 mM propanil and an exposure time of 60 min are required for cytotoxicity to be observed in this acute exposure kidney model. Although a longer exposure time might have resulted in a lower minimum toxic concentration of propanil, the IRRC model is only viable for ~2 to 3 h. Also, 3,4-DCA was a less potent nephrotoxicant than propanil in this in vitro model, and propionic acid was only a very weak nephrotoxicant at a fivefold higher concentration than the minimum nephrotoxic propanil concentration. These findings suggest that although 3,4-DCA may contribute to propanil nephrotoxicity in vitro, propanil hydrolysis-derived metabolites do not appear to be responsible for inducing most of the toxicity. The finding that both propanil and 3,4-DCA are nephrotoxic in vitro is similar to what is observed for the effects of propanil and 3,4-DCA on the immune system, where both propanil and 3,4-DCA have adverse effects (Barnett et al., 1992) . Part of the differential nephrotoxicity observed between propanil and 3,4-DCA may be related to the rates at which these two compounds accumulate in IRCC.
However, the relative rates of accumulation of propanil versus 3,4-DCA remains to be determined.
Nonetheless, using rat IRCC, it is clear that propanil can induce nephrotoxicity in vitro. The nephrotoxicity induced by propanil was concentration-and time-dependent, and was not completely due to propanil hydrolysis to 3,4-DCA or propionic acid. Studies with the inhibitors of oxidative biotransformation revealed that propanil cytotoxicity was reduced by piperonyl butoxide, increased by metyrapone, and not altered by isoniazid. These results support one or more CYP as contributing to the formation of a toxic propanil metabolite. Interestingly, piperonyl butoxide is an inhibitor of CYP1A among other CYPs, while metyrapone can enhance CYP1A activity in vitro (Aubrecht et al., 1996; Wassenberg and Di Giulio, 2004) . Isoniazid has minimal if any effects on CYP1A. Thus, it might appear that one or more CYP1A family members may contribute to the formation of cytotoxic, propanil-derived metabolites. In addition, 2-amino-4,5-dichlorophenol is a potent in vitro nephrotoxicant, inducing cytotoxicity at bath concentrations of 50 μM or greater (Valentovic et al., 2002) . The nephrotoxic potential of 6-hydroxypropanil has not been examined, but it is likely that both phenolic propanil-derived metabolites would be formed via CYP1A-mediated oxidation. However, although CYP1A is inducible in rat proximal tubule cells, CYP1A does not appear to be constitutively expressed in rat kidney (Lock and Reed, 1998) and the CYP activity modulators used in this study can affect several CYPs. Thus, what role renal CYP1A might play in propanil nephrotoxicity remains to be determined. Further studies are needed to more clearly define the role of specific propanil metabolites in propanil nephrotoxicity in vitro and which CYP(s) contribute to the formation of nephrotoxic propanil metabolites.
Studies with the antioxidants suggest that oxidative stress is not an important mechanism for propanil-induced cytotoxicity. In addition, the inability of glutathione to provide any protection from propanil's effects suggests that reactive propanil metabolites are probably not formed in this model. Thus, redox cycling of phenolic metabolites to create free radicals and oxidative stress is not supported by the results. Likewise, N-oxidation of propanil or other propanil metabolites leading to the formation of a reactive metabolite is not supported by the results. Co-oxidation of propanil metabolites, such as 2-amino-4,5-dichlorophenol, by cyclooxygenase does not appear to be a mechanism for forming cytotoxic metabolites, since indomethacin did not alter propanil cytotoxicity. Possible explanations for these results are that oxidative metabolites of propanil directly inhibit or rapidly alkylate/arylate essential cellular systems (proteins, enzymes, DNA) to lead to cell death. However, which systems/ organelles might be the target(s) for propanil is unclear. Thus, additional studies are required to more clearly define the mechanism(s) of propanil cytotoxicity.
The nephrotoxic chemical species following propanil exposure in vivo also remains to be determined. Animal studies that have suggested that the kidney might be a target for propanil did not investigate the role of metabolites (Ambrose et al., 1972) . Evidence for propanil-induced nephrotoxicity from human studies comes from case reports where renal function data are not always presented and little evidence of blood levels of propanil or its metabolites are available to calculate organ exposure (Wijekoon et al., 1974; De Silva and Bodinayake, 1997; Yamazaki et al., 2001; Eddleston et al., 2002) . Thus, in humans, where propanil nephrotoxicity has been detected, the human studies have not examined the role of propanil metabolites in propanil nephrotoxicity. Previous rat studies have documented that 3,4-DCA, 3,4-DCPHA, and 2-amino-4,5-dichlorophenol are nephrotoxicants in vivo and/or in vitro (Lo et al., 1990; Valentovic et al., 1995 Valentovic et al., , 2001 Valentovic et al., , 2002 . Thus, these metabolites may contribute to propanil nephrotoxicity in vivo via direct or indirect mechanisms. However, additional in vivo studies are needed to determine the chemical species responsible for propanil-induced nephrotoxicity. Effect of propanil concentration on LDH release from IRCC. IRCCs (~4 million/mL) were incubated with vehicle (control) or propanil (treated) at various concentrations for 120 min and LDH release (% of total) determined. Values are means ± SE from four separate experiments. An * indicates significantly different from the appropriate control group value, P<0.05. Effect of propanil 1.0 mM on LDH release from IRCC at various times. IRCCs (~4 million/mL) were incubated with vehicle (control) or propanil (treated) for 15 to 120 min and LDH release (% of total) determined. Values are means ± SE from four separate experiments. An * indicates significantly different from the appropriate control group value, P<0.05. Effect of 3,4-DCA on LDH release from IRCC. IRCCs (~4 million/mL) were incubated with vehicle (control) or 3,4-DCA (treated) for 60 or 120 min and LDH release (% of total) determined. Values are means ± SE from four separate experiments. An * indicates significantly different from the appropriate control group value, P<0.05. Effect of propionic acid on LDH release from IRCC. IRCCs (~4 million/mL) were incubated with vehicle (control) or propionic acid (treated) for 60 min and LDH release (% of total) determined. Values are means ± SE from four separate experiments. An * indicates significantly different from the appropriate control group value, P<0.05. Effect of pretreatment with a CYP inhibitor on propanil-induced LDH release from IRCC. IRCCs (~4 million/ mL) were pretreated with a CYP inhibitor or vehicle prior to addition of propanil vehicle (control) or propanil (1 mM). Incubations were continued for 120 min and LDH release (% of total) determined. Values are means ± SE from four separate experiments. An * indicates significantly different from the appropriate control group value, P < 0.05. A ◆ indicates significantly different from the propanil alone value, P<0.05. 
